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Abstract: Previous simulation studies of Differential Die-Away (DDA) instrument’s response to active 10 

interrogation of spent nuclear fuel from a pressurized water reactor (PWR) yielded promising results in terms of its 11 

capability to accurately measure or estimate basic spent fuel assembly (SFA) characteristics, such as multiplication, 12 

initial enrichment (IE) and burn-up (BU) as well as the total plutonium content. These studies were however 13 

performed only for a subset of idealized SFAs with a symmetric BU with respect to its longitudinal axis. Therefore, 14 

to complement the previous results, additional simulations have been performed of the DDA instrument’s response 15 

to interrogation of asymmetrically burned spent nuclear fuel in order to determine whether detailed assay of SFAs 16 

from all 4 sides will be necessary in real life applications or whether a cost and time saving single sided assay could 17 

be used to achieve results of similar quality as previously reported in case of symmetrically burned SFAs.  18 

The results of this study suggest that DDA instrument response depends on the position of the individual neutron 19 

detectors and in fact can be split in two modes. The first mode, measured by the back detectors, is not significantly 20 

sensitive to the spatial distribution of fissile isotopes and neutron absorbers, but rather reflects the total amount of 21 

both contributors as in the cases of symmetrically burned SFAs. In contrary, the second mode, measured by the front 22 

detectors, yields a sizable sensitivity to the orientation of the asymmetrically burned SFA inside the assaying 23 

instrument. This study thus provides evidence that the DDA instrument can potentially be utilized as necessary in 24 

both ways, i.e. a quick determination of the average SFA characteristics in a single assay, as well as a more detailed 25 

characterization involving several DDA observables through assay of the SFA from all of its four sides that can 26 

possibly map the burnup distribution and/or identify diversion or replacement of pins.       27 

Keywords: differential die-away, spent nuclear fuel, asymmetrical burn-up 28 

1. Introduction 29 

The Differential-Die Away (DDA) method is one of the techniques which is being investigated within the 30 

Next Generation Safeguards Initiative (NGSI) spent fuel project of the U.S. Department of Energy [1]. 31 

The main objectives of the NGSI spent fuel project are to develop and to test instrumentation for 32 

plutonium mass content determination inside commercially utilized spent fuel assemblies (SFAs), verify 33 

the operator’s declarations in terms of the irradiation history parameters such as initial enrichment (IE), 34 

burn-up (BU), and cooling time (CT) and to test the SFA for partial defects which could signal a 35 

deliberate illicit diversion of nuclear material.  36 
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Originally, 14 different non-destructive assay (NDA) techniques were chosen to be possibly applicable 37 

for spent fuel assay [1]. Following thorough simulations and evaluations, the DDA technique based 38 

instrument turned out to be highly promising and comprehensive method with a capability to measure 39 

multiplication of the assayed SFA [2], determine its fissile [3] as well as total Pu content [4], and quantify 40 

IE and BU [5]. Thus in the current, i.e. later, stages of the NGSI project, the DDA instrument research 41 

focuses on practical aspects of real life measurements and conditions of its deployment. Within this paper, 42 

we address the effects of asymmetric BU on the response of the DDA instrument, which, if significant 43 

enough, may dictate the final instrument design or force the assay of the SFA to be performed from all of 44 

its sides, thus potentially significantly increasing time and cost requirements of the measurement.  45 

 46 

During its lifecycle, a fuel assembly in a commercial nuclear reactor utilized for electrical power 47 

production undergoes typically three or four cycles of irradiation [6]. After each cycle, its position within 48 

the reactor core is changed according to a sophisticated shuffling scheme dedicated to maximize the 49 

power production efficiency. As a result of such maneuvers, BU across the fuel assembly will not be 50 

constant since it reflects the conditions within the reactor at the positions where the fuel assembly was 51 

situated.  52 

 53 

In particular, those fuel assemblies, which during their life cycle occupy one of the positions on the outer 54 

edge of the reactor core, may end up with a significantly asymmetric BU. As will be presented in later 55 

sections of this paper, under certain conditions, the differences in concentrations of isotopes that are being 56 

consumed or created during irradiations (be it fissile 
235

U, 
239

Pu or strong neutron absorbing fission 57 

products such as 
155

Gd) may vary even by tens of percent from side to side of the fuel assembly[7]. 58 

Therefore the primary objective of this work was to investigate, by means of simulations, how an 59 

asymmetric BU across a nuclear spent fuel assembly (SFA) influences the outcomes of an assay 60 

performed with a DDA instrument.  61 

 62 

2. The Differential Die-Away technique 63 

The DDA technique is an active nondestructive assay technique which uses a short (~10’s – 100’s of µs) 64 

external neutron pulse from a neutron generator (NG) to deliver fast neutrons, which penetrate into the 65 

SFA where they start fission reaction chains that essentially assay the entire SFA. The neutrons from 66 

these induced fission reaction chains are detected using a set of neutron detectors surrounding the SFA, 67 

and their detection time distribution is analyzed to deduce information about its properties. 68 

 69 

The typical distribution of times when neutrons are detected, following an interrogation pulse of 10 µs, 70 

peaks around 20 µs and then falls off approximately exponentially. The dominant part of the DDA signal 71 

in these very early time domains (<100 µs) consists, however, of “burst neutrons”, i.e. neutrons that do 72 

not cause any fission and reach the neutron detectors either straight from the neutron generator or with 73 

only minimal scattering. In absolute terms, the contribution of burst neutrons is almost independent of the 74 

characteristic parameters of the assayed SFA and can be subtracted as a constant background as shown in 75 

[2]. The remaining part of the DDA signal, in the form of the distribution of neutron detection times, 76 

peaks typically between 50 and 70 µs after the interrogation pulse, and then falls off with a die-away 77 

constant that is initially ruled by the characteristic parameters of the SFA but later by the overall 78 

multiplication of the system.  79 

 80 

Die-away time is therefore one of the most significant parameters of the instrument’s response. It has 81 

been traditionally defined as a neutron mean lifetime in a certain environment [8]. However, in our case 82 

of SFAs with a rather large multiplication, the die-away time reflects the mean lifetime of an entire 83 

neutron population that consists of multiple neutron generations which are simultaneously created and die 84 
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away as rather long fission chains develop and progress through the instruments various materials. Should 85 

the interrogated item contain no fissile material, the injected neutron population will die away quickly 86 

reflected by fast decrease in neutron count rate registered by the detectors. If any fissile material is present 87 

inside the assayed item, the life of the neutron population is extended by birth of new neutron generations 88 

by induced fission, resulting in a slower decrease of observed neutron count rates, i.e. longer die-away 89 

time. In contrast to fissile isotopes, the isotopes with high cross sections for neutron absorption shorten 90 

the life time of the neutrons, thus shortening the die-away time and changing both the shape as well as the 91 

magnitude of the distribution of times when the neutrons are detected [5]. In case of the DDA instrument, 92 

the die-away time is thus an implicit indicator of the balance between the neutron-producing fissile 93 

material and neutron-absorbing fission products and actinides. 94 

 95 

In traditional passive neutron counting based techniques the neutron population evolution in time can be 96 

approximated by a single exponential, with the decay constant being the die-away time [8]. In the case of 97 

DDA, the neutron population evolution is more complicated, since the neutron spatial as well as energy 98 

distribution undergoes dramatic changes on the way from the NG to the SFA and then out to the 99 

individual detectors. Therefore, since it cannot be approximated by a single exponential, when a detection 100 

time distribution is obtained, an analysis of the DDA signal is performed in limited time domains where 101 

such approximation can be justified. Our attention was primarily focused on the time domain of 100-200 102 

µs, which in previous studies [2, 5] has been identified as the most promising time domain to extract 103 

unique information about SFA multiplication, IE, and BU. 104 

 105 

Apart from the die-away time determined (if possible) for each time domain, the overall number of 106 

neutrons detected within each particular time domain is called the DDA signal and is generally related to 107 

the absolute amount and type of fissile material in the SFA. An example of a modeled detection time 108 

distribution of neutrons detected by all individual detectors of the DDA instrument is illustrated in Fig. 1. 109 

A pressurized water reactor (PWR) SFA with 4% IE, 15 GWd/tU BU, and 5 years CT has been chosen to 110 

demonstrate differences between the detection time distributions of burst and fission neutrons, and their 111 

sum. In this particular case, a burst neutron distribution reaches its maximum shortly after the end of the 112 

interrogating neutron pulse (~20 µs) while the distribution of fission neutrons detection times peaks 113 

around 60 µs. The total DDA signal reaches its maximum and levels off at around 30 µs, and then 114 

decreases quasi-exponentially. While the fractions of detected burst and fission neutrons are about the 115 

same at ~40 µs, the fraction of detected fission neutrons increases to ~90% at ~120 µs and rises above 116 

99% after ~220 µs since the beginning of the neutron  interrogation pulse. 117 

 118 

Another important quantity that is characteristic of each SFA and can be measured by the DDA technique 119 

is multiplication (M) [2]. When defined as the number of neutrons produced in the SFA and the 120 

surrounding setup per incoming neutron from the neutron generator, it is referred to as “active 121 

multiplication”. This is however linearly related to “passive multiplication” that is defined as the number 122 

of neutrons produced in the SFA per neutron originating inside the SFA, primarily in spontaneous fission. 123 

In general, the multiplication, be it passive or active, is closely related to the BU of the SFA. Fresh fuel or 124 

fuel with low BU has typically a high fissile content and is thus characterized by high multiplication in 125 

contrary to the highly burned fuel with a low multiplication factor. Additionally, as the isotopic 126 

composition that defines the multiplication depends on IE and CT, the multiplication itself is dependent 127 

on IE and CT. In general, the average multiplication of a SFA is implicitly defined by all these parameters 128 

and tends to increase with higher IE, while decreases with higher BU and longer CT. In this study, a net 129 

multiplication calculated in MCNPX corresponds to the “active multiplication” described above, 130 

however, for simplicity will be referred to only as “multiplication”. 131 
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 132 

Figure 1: Simulated distribution of neutron detection times as registered by all DDA detectors for a 4 % IE, 133 
15GWd/tU BU, 5 y CT PWR SFA. The evolution of total neutron signal (dotted line), fission neutron signal (solid 134 
line) and burst neutron signal (dashed line) is shown 0-1000 µs after the start of the neutron interrogation pulse. 135 
Three different time windows (100-200 µs, 200-500 µs and 500-1000 µs) typically utilized in the analysis are also 136 
displayed. 137 

 138 

3. The Differential Die-Away Instrument 139 

In this work, the use of a deuterium-tritium (DT) generator emitting neutrons with an initial energy of 140 

14.1 MeV is assumed [9]. As the neutrons emitted from the NG slow down and their energies drop into 141 

the thermal and epithermal regions, they induce a significant amount of fission reactions in nuclei of 142 

fissile isotopes (primarily 
235

U, 
239

Pu and 
241

Pu) often starting a fission reaction chain. The length of such 143 

chains depends on the overall isotopic composition of the SFA. Using 
3
He detectors embedded in a high-144 

density polyethylene (HDPE) moderator, which in turn is surrounded by a thin Cd liner, the instrument is 145 

essentially sensitive only to fast and epithermal neutrons, i.e. those coming from the NG or from induced 146 

fission before they have thermalized.  147 

 148 

The design of the instrument simulated in this work is depicted in Fig. 2. It is a combined instrument for 149 

DDA and for delayed neutron (DN) detection. The latter technique utilizes two 
3
He detectors, which are 150 

also encapsulated in HDPE but without a Cd liner, and the function of which is described more 151 

thoroughly in [3]. In order to simulate the neutron transport in the most realistic way, the DN detectors are 152 

included in the simulations performed in this work as well, with positions as indicated in Fig. 1. Their 153 

response is however not analyzed, since their proper function requires very different length and frequency 154 
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of interrogation pulse schemes and is a subject of other dedicated studies [10]. The DDA technique 155 

utilizes the remaining six detectors. In the analysis, the detectors are divided into two groups; the two 156 

detectors located closest to the NG at opposite sides of fuel assembly are referred to as front detectors, 157 

whereas the four detectors creating one group at the opposite side of the NG are referred to as back 158 

detectors. 159 

 160 

The NG is surrounded by a tungsten block, with a primary function to tailor the energies of the source 161 

neutrons to sub-MeV energies [3]. Thus, while still fast and deeply penetrating, the first fission that 162 

occurs in the SFA is less likely to happen in 
238

U nuclei, due to its relatively high energy threshold for 163 

fission, but rather in nuclei of fissile isotopes such as 
235

U, 
239

Pu and 
241

Pu, which are of primary interest 164 

in the assay [11]. The tungsten block is enclosed by stainless steel, which is designed to reflect neutrons 165 

back towards the SFA, essentially to increase the efficiency of the instrument. Furthermore, a lead collar 166 

surrounds the SFA from three sides in order to significantly reduce the flux in the 
3
He detectors from 167 

gamma rays emitted by the SFA.  168 

 169 

The NG was modelled in Monte Carlo N-Particle eXtended (MCNPX) [12] as a voided 9.8 cm high 170 

cylinder with a 4.8 cm diameter, covered by a 0.1 cm thick layer of stainless steel. A point source was 171 

simulated in the center of this volume generating neutrons with an initial energy of 14.1 MeV, 172 

approximating the standardized NG based on the deuterium-tritium fusion reaction. 173 

 174 

Standard 
3
He detectors that are 2 inches in length, ¾ inch in diameter and filled by 

3
He gas with 4 atm 175 

pressure were modelled in this study. The inner part of the detector was modelled as a 4.92 cm high 176 

cylinder with a 1.73 cm diameter covered by 0.08 cm thick layer of Al and filled by pure 
3
He gas. This 177 

part was embedded in rectangular cuboid filled by HDPE covered by 0.1 cm thick layer of Cd in case of 178 

the 6 DDA detectors. 179 

 180 

Figure 2: Schematic cross-sectional view of the DDA instrument with inserted SFA (top view) with the NG, SFA and 181 
detectors shown. 182 

4. Modelling and Simulations 183 

 184 

4.1. NGSI Spent fuel libraries 185 
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Within the NGSI project a number of spent fuel libraries (SFL) with different SFAs for use in the MCNP 186 

code have been created. Typically, each SFL contains ensembles of SFAs with varying general 187 

parameters such as IE, BU, and CT and/or with varying BU history as defined by the position of the SFA 188 

in the nuclear reactor, density, temperature and chemical composition of the moderator. In this work two 189 

subsets of SFL2 were used (more details on SFL2 can be found in [13]). Both of these consist of PWR 190 

17x17 standardized “Westinghouse”[14] fuel assembly models in form of the MCNPX inputs. Three 191 

different shuffling schemes (describing how the fuel moves in the reactor core during operation) were 192 

used to build the models of these SFAs.   193 

 194 

In the simulations creating the SFLs, each SFA started as a fresh fuel assembly with specific IE (2, 3, 4, 195 

and 5 %) and was subsequently inserted into different positions inside the 1/8 core model of a PWR. The 196 

irradiation of the fuel assemblies was performed in up to three cycles, with each cycle resulting in an 197 

additional BU of 15 GWd/tU. In between the irradiation cycles, the SFAs were shuffled following one of 198 

three different schemes. 199 

 200 

 Shuffling scheme #1 -  the fresh fuel is inserted in the middle of 1/8 reactor core model before the 201 

first cycle, then moved closer to the core center before the second irradiation cycle and  moved to 202 

the core periphery for the third irradiation cycle. 203 

 Shuffling scheme #2 - the fresh fuel is first inserted in the reactor core center and subsequently 204 

moved outwards to the reactor core edge. 205 

 Shuffling scheme #3 - inverse to the scheme #2; the fresh fuel is first loaded in the reactor core 206 

periphery, and then moved inwards for the second and third irradiation. 207 

 208 

Shuffling scheme #1 concerns a shuffling pattern that agrees reasonably well with many commercial 209 

power producing reactors today. Shuffling scheme #3 resembles shuffling patterns of commercial reactors 210 

where fresh fuel is initially inserted in the periphery region, but it is often avoided to place the fresh fuel 211 

in the most peripheral positions. Shuffling scheme #2 is the most unrealistic one of the three schemes, 212 

partly because it makes it difficult to achieve an even power distribution in the core. 213 

 214 

Part of SFL2, often referred to as SFL2a, contains fuels shuffled by scheme #1 with starting IE of 2, 3, 4, 215 

and 5 %. Fuels shuffled by scheme #2 and #3 are from a different part of SFL2, commonly referred to as 216 

SFL2c, but unlike the SFL2a, the SFL2c contains only fuels with 4% IE. One may note that the use of 217 

idealized SFA’s and selected shuffling schemes is highly useful in learning about the instrument response. 218 

The results from this study should not be used as an estimate of absolute isotope concentrations of actual 219 

SFA’s; this may be a topic for future studies. 220 

 221 

All the shuffling schemes listed above create asymmetric distributions of fissile isotopes (with respect to 222 

its longitudinal axis) as well as of fission products and other neutron absorbers. However, such 223 

asymmetries become significant primarily in SFAs which occupy positions at the edge of the reactor core 224 

during the irradiation cycle. Therefore, the strongest asymmetries are formed in the third irradiation cycle 225 

(45 GWd/tU) for shuffling schemes #1 and #2; and in the first irradiation cycle (15 GWd/tU) for shuffling 226 

scheme #3. Examples of such asymmetric isotopic distributions are illustrated in Fig. 3 where the mass 227 

content in each fuel pin for the isotopes of 
235

U, 
239

Pu and 
155

Gd is plotted for the case of PWR SFA with 228 

4% IE, 15 GWd/tU BU, and 5 y CT which was irradiated as part of the shuffling scheme #3 at the edge of 229 

the reactor core. The mass of the isotopes inside the individual fuel pins is illustrated in Fig.3 in form of a 230 

3D surface plot. We can see in the left panel of Fig. 3 how 
235

U is depleted on the side facing the reactor 231 

core where the local burn-up is the highest. That is also the side where, due to the more intense burn-up, 232 
239

Pu (center panel) and 
155

Gd (right panel) get accumulated. In case of 
235

U the side-to-side difference 233 
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may be only around 15%, but in case of 
239

Pu and 
155

Gd such differences may be even up to 40% and 234 

20%, respectively. 235 

 236 

Figure 3:  Asymmetric distribution of a 
235

U (left panel), 
239

Pu (middle panel), and  
155

Gd (right panel) created by 237 
shuffling sequence #3 for a 4 % IE, 15GWd/tU BU, 5 y CT SFA.(Note: 2D extrapolation of masses inside individual 238 
fuel pins was used to create the continuous surface plot)  239 
 240 

4.2. Simulation of DDA Instrument Response 241 

To study the sensitivity of the DDA instrument’s response to the assay of SFA with asymmetric burn-up 242 

we used the MCNPX code to simulate the interrogation of the SFA from all of its four sides. The detector 243 

response was simulated following a 10 µs neutron interrogation pulse delivered by an external neutron 244 

generator. The geometry of DDA set-up as modeled in MCNPX is depicted in Fig. 2.   245 

 246 

Given computer power constraints, the pulse produced by the NG was simulated to have 5·10
8
 neutrons 247 

emitted in the time interval of 10 µs which represents only about 1-5 seconds of foreseen real life 248 

operation. However, even with such limitations, statistically significant results could be achieved. The 249 

neutrons were emitted isotropically with a uniform probability density function. The detection was 250 

modelled with a time dependent tally counting the number of neutrons detected in 
3
He detector volume 251 

via the 
3
He(n,p)

3
H reaction [8] and its associated cross section during the time interval of 0-1000 µs after 252 

the start of the NG pulse.  253 

 254 

The number of detected neutrons originating from fission reactions inside the SFA is directly related to 255 

the total fissile content inside assayed SFA. Nevertheless, another group of neutrons - the burst neutrons 256 

coming directly from the NG without undergoing any fission reaction - also contributes to the neutron 257 

count rate inside the detectors, especially in the early time domains after the pulse (~ 0-200 µs). The burst 258 

neutrons were evaluated separately during the simulations and afterwards subtracted from the total count 259 

rate. This separation is enabled by using a function of MCNPX called first fission, which labels the 260 

detected neutrons into several groups depending on their origin. With this feature, it is possible to 261 

distinguish whether a neutron has been involved in a (n,f) reaction, and if so, the information on which 262 

isotope the first fission occurred on can be saved. It should be noted that this special feature is not 263 

included in publicly released versions of MCNPX, but it is an integral part of the recently released 264 

MCNP6 [15]. 265 

 266 

Each of the 
3
He detectors was tallied separately in MCNPX. For the analysis of a total detector response, 267 

the contributions from all 6 detectors (2 front detectors, 4 back detectors) were summed in post 268 

processing. However, for the purposes of this study the front and the back detectors could be analyzed 269 

separately.  270 

 271 

4.3. Previous studies on asymmetrically burned SFA 272 
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The SFAs with asymmetric BU distribution have been previously studied using different NGSI 273 

techniques. The delayed neutron method, which uses the same detection design as DDA (Fig.2) has been 274 

investigated in work of Trellue et al. [10] for a sensitivity of the detection instrument to the different 275 

orientations of asymmetrically burned SFAs. The same set of SFA models has been used in [10] as in our 276 

work. Delayed neutron count rates summed up from all detectors did not indicate differences larger than 277 

1-2 % when the SFA is oriented with different sides towards to the NG. These small differences were 278 

observed even for the most extreme case in BU asymmetry, a SFA from SFL2c, shuffling scheme #3 with 279 

4% IE, 15 GWd/tU BU. While the delayed neutron fractions emitted from different positions of the SFA 280 

by 
241

Pu, 
239

Pu and 
235

U differ significantly, the non-uniformity in the delayed neutron emission in the 281 

SFA was found to be compensated by the multiplication. Thus, results obtained in [10] were interpreted 282 

as not being able to reflect extreme asymmetry in BU distribution and were considered as a demonstration 283 

of the overall insensitivity of the detection instrument to the orientation of asymmetrically burned SFA 284 

inside the DN instrument. 285 

 286 

In another study [7] passive gamma ray spectra were simulated for a High Purity Germanium (HPGe) 287 

detector collimated to observe a 5 cm section centered on the side of the SFA. Variations in simulated 288 
137

Cs and 
134

Cs peak intensities between different SFA sides presented in that work range between 20-40 289 

% in case of 15 GWd/tU BU SFAs, characterized by the greatest gradient in BU. For the rest of the SFAs 290 

the gamma ray intensities for different sides vary only in the range of 3 to 5 %. Detected gamma rays 291 

were tracked and found to originate primarily from isotopes located in the most outer rows of fuel pins in 292 

the SFA, and they depend primarily on the number of fissions which take place in these particular fuel 293 

pins. Therefore, this instrument is considered to be dependent on orientation of the assayed SFA should it 294 

have an asymmetric burn-up. 295 

 296 

5. Results 297 

The work presented in this paper focuses on two subset of SFAs from SFL2a and SFL2c [13]; all with the 298 

same IE of 4% but varying BU of 15, 30, and 45 GWd/tU, and CT of  5 and 20 years. These SFAs 299 

underwent a simulated BU in a nuclear reactor according to three different shuffling schemes (in detail 300 

described in section 4.1. and [13]) resulting in 18 SFAs with different isotopic composition and spatial 301 

distribution. Additionally, for each of these 18 SFAs we simulated 4 different assembly orientations 302 

inside the DDA instrument in order to test the sensitivity of the DDA response to the asymmetric 303 

distribution of BU across the SFA assembly. Table 1 summarizes characteristic parameters of SFA’s and 304 

the associated shuffling schemes used in this study. 305 

 306 
Table 1: Characteristic parameters of SFAs, the associated shuffling 307 
scheme under which their burn-up was simulated and their 308 
attribution to the spent fuel libraries. 309 

Spent Fuel Library SFL2a SFL2c 

Shuffling scheme #1 #2 #3 

IE [%] 4 4 4 

BU [GWd/tU] 15, 30, 45 15, 30, 45 15, 30, 45 

CT [year] 5, 20 5, 20 5, 20 

  310 

The analysis of the simulated DDA response was performed in discrete time domains, all together 311 

covering the full dynamic evolution of the DDA signal after the interrogating neutron pulse. The choice 312 

of the time domains is identical to our previous work [2], i.e. 0-50 µs, 50-100 µs, 100-200 µs, 200-500 µs, 313 
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and 500-1000 µs. The die-away time was then obtained in time domains 100-200 µs, 200-500 µs, and 314 

500-1000 µs by a least squares fit of an exponential to the neutron detection time distribution. However, 315 

since the results for individual time domains lead to qualitatively the same conclusions, only results for 316 

the time domain of 100-200µs are presented here.  317 

 318 

In Fig. 4, the DDA signals for all four orientations of each SFA relative to their four-value average are 319 

displayed as a function of the SFA multiplication. The left panel displays the differences in DDA signal 320 

as simulated for the front detectors, while the right panel displays the same quantity for the back 321 

detectors. As the multiplication tends to decrease with higher BU, the grouping of the points along the x-322 

axis is indicative of various discrete levels of BU, in particular of 15, 30 and 45 GWd/tU.  323 

 324 

When comparing data from the left (front detectors) and right (back detectors) panels of Fig.4, the 325 

apparent difference is the level of dispersion among the points corresponding to a single SFA, which 326 

differ only by the SFA orientation in the DDA instrument during the simulated assay. Depending on the 327 

particular shuffling scheme and BU, the difference in DDA signal caused by the orientation of the SFA 328 

may reach up to ± 3.3%. The two most extreme cases where the asymmetry is reflected by the largest 329 

spread in data points are observable for the SFAs of 15 GWd/tU BU shuffled by scheme #3, which was 330 

irradiated only once at the reactor core edge; and for the SFAs with 45 GWd/tU BU shuffled by scheme 331 

#2, which ended in the third cycle of irradiation at the reactor core edge. Should we follow the evolution 332 

of the BU asymmetry under the shuffling scheme #3, it can be found that with the SFA being moved from 333 

the edge towards the center of the nuclear reactor core, the BU asymmetry tends to disappear as can be 334 

observed by the decreased spread of the corresponding points in the left panel of Fig.4. For shuffling 335 

schemes #1 and #2 the trend is rather opposite, since the SFAs start their burn campaign in the middle of 336 

the reactor core and with higher BU are shuffled towards its edge where most of the asymmetric BU is 337 

developed. 338 

 339 

Figure 4: Differences in 4 simulated DDA signals of a particular SFA relative to its arithmetic mean displayed as a 340 
function of multiplication. Data points are illustrated separately for front (left panel) and back (right panel) 341 
detectors for 3 different shuffling schemes (#1: triangles, #2: dots, #3: squares). The approximate correlation 342 
between BU, CT and multiplication (M) is indicated by top, bottom secondary x axis, respectively. Different colors 343 
indicate various orientations of SFA. 344 
 345 

However, in contrast to the sensitivity of the front detectors to the asymmetric BU, the back detectors do 346 

not seem to yield any such sensitivity as can be concluded from a very low and rather random spread of 347 

points in right panel of Fig.4, with the standard deviation being ~0.2%. In order to interpret such apparent 348 

discrepancy, we need to consider the origin and the most probable path of the fission neutrons that are 349 

detected by individual detectors. As an illustration, Fig.5 displays a simplified schematic of neutron paths 350 
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on their way from the NG towards front and back detectors for a SFA in two orientations, 180º shifted. In 351 

the illustration, the SFA was conceptually divided into two equally sized regions representing volumes of 352 

low and high BU. As can be seen from both panels, depending on the orientation of the SFA, the neutrons 353 

that are detected by the front detectors need to pass only through the region of a rather similar BU, be it 354 

low in the left panel or high in the right panel. Depending on the local multiplication in the individual 355 

regions that trends with BU, the resulting signal in the front detectors will be either suppressed (high BU) 356 

or enhanced (low BU). The neutrons that are detected in the back detectors mostly also originated in their 357 

proximity, i.e. in region of low or high BU depending on the orientation of the SFA, but these neutrons 358 

are a product of a fission chain that was started by a neutron from the NG and as such had to traverse 359 

through the entire SFA, i.e. through both regions of different BU. Depending on the orientation of the 360 

SFA, the fission chain was first multiplied according to the multiplication of the region closer to the NG, 361 

then according to the multiplication of the region closer to the back detector. In the end, the total 362 

multiplication is about the same, no matter which BU region was encountered by the fission chain first, 363 

resulting in the insensitivity of the back detectors to the asymmetric BU. 364 

 365 

As has been shown in previous work [5], in the case of a 100-200 µs time domain and SFAs with constant 366 

IE, the die-away time also depends linearly on the multiplication. It is thus natural to expect certain 367 

sensitivity in the die-away time measured by the front detectors on the orientation of the SFA as well. 368 

After all, the up to the 3.3% difference in the DDA signal, as seen in left panel of Fig.4, may be 369 

interpreted also as a change in multiplication perceived by the front detectors. Left and right panels of 370 

Fig.6 display relative changes of the die-away time of the simulated DDA signal in the time domain of 371 

100-200 µs with respect to the average value calculated from all four different orientations of a particular 372 

SFA inside the DDA instrument. In both of these plots, however, the spread of the points seems to be 373 

rather constant at a level of ~ ± 1-2% and also random with respect to the orientation of the SFA. There 374 

seems to be no apparent sensitivity of the die-away time to the asymmetry of the BU which appears to be 375 

in contradiction to our expectations.  376 

 377 

In order to understand the lack of the observed sensitivity, we need to evaluate individual terms of the 378 

linear relationship between the multiplication and die-away time 𝜏 as shown in Eq. (1): 379 

𝜏[𝜇𝑠] = 𝑎 ∙ 𝑀 + 𝑏      (1) 380 

 381 

where the multiplication M is in the form of DDA signal in the time domain of 100-200 µs; a and b are 382 

constants characterizing the specific instrument design and the investigated SFA [5]. In case of the 4% IE 383 

SFAs, the numerical value of b is ~60 µs, while the value of the term a·M ranges from 10 to 50 µs 384 

depending on the BU and CT [5]. Therefore a 3% change in M as indicated by change in the DDA signal 385 

itself will result in only ~ ± 0.2-1.5% change in 𝜏. Such a small change is however comparable to the 386 

uncertainty of the exponential fit from which the die-away constant is determined, which is reflected by a 387 

nearly constant dispersion of the points in Fig. 6 regardless of the BU or position of the detectors. Thus 388 

while in principle the die-away time of the DDA signal should also reflect the asymmetry of the SFA BU, 389 

real-life limitations on achievable statistics may make its use impractical.  390 
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 391 

Figure 5: Schematic illustration of the most probable paths of neutrons detected in front and back detectors 392 
exemplified for two orientations of the SFA inside the DDA instrument (left panel: high BU in front part of SFA; 393 
right panel: low BU in front part of SFA).  394 

 395 

Figure 6: Differences in 4 die-away times of the simulated DDA instrument response obtained for 4 different 396 
orientations of each SFA expressed relative to its mean displayed as a function of multiplication. Results are 397 
presented separately for front (left panel) and back (right panel) detectors for 3 different shuffling schemes (#1: 398 
triangles, #2: dots, #3: squares). The approximate correlation between BU, CT and multiplication (M) is indicated 399 
by top, bottom secondary x axis, respectively. Different colors indicate various orientations of SFA. 400 
 401 

6. Conclusions and Outlook 402 

By means of simulations, we have demonstrated that an instrument based on the DDA technique, 403 

proposed within the NGSI spent fuel project, can be used for NDA assay of asymmetrically burned SFAs. 404 

Depending on the location of the individual neutron detectors with respect to the neutron generator and 405 

the spent fuel assembly, the DDA instrument can operate in two different modes, one being sensitive to 406 

the asymmetric burn-up, the other one not. This conclusion is based on a separate analysis of the 407 

instrument’s front and back detector response to the interrogation of asymmetrically burned SFAs from 408 

all four different sides. The front detectors display a sensitivity to different fuel orientation, which in case 409 

of the most asymmetrically burned SFA (where e.g. the concentration of 
239

Pu differs by up to 40%  from 410 
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side to side) translates into ± 3.3% change in the detected neutron rates. In contrast to that, the neutron 411 

rates measured simultaneously by the back detectors do not seem to yield any systematic change. 412 

Moreover, the standard deviation of ~0.2 % of the signal measured by the back detectors can be attributed 413 

to expected statistical fluctuations.  414 

 415 

Considering the difference in the quality of the signal measured by individual neutron detectors of the 416 

DDA instrument at different positions with respect to the assayed SFA, we conclude that the DDA 417 

instrument has a potential to be used under various operational demands, be it fast single-assay to 418 

determine mean values of multiplication, burn-up or total plutonium content, as well as a multi-side assay 419 

aiming to map spatial variation of different SFA properties in greater detail.  420 

 421 

This project is organized in cooperation between Uppsala University and Los Alamos National 422 

Laboratory, with future possibility to perform testing measurements with the DDA instrument on a set of 423 

25 PWR and 25 BWR SFAs varying in IE, BU, and CT parameter. Future studies will focus on the 424 

detailed optimization of the instrument design followed by manufacturing of such an instrument. The 425 

overall goal of this project is to develop and test methods, which will be applicable in the nearest future 426 

for the verification of Swedish spent fuel before its final encapsulation and deposition into the final 427 

repository. 428 

 429 
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